The Swedish Tundra Northwest Expedition of 1999 visited 17 sites throughout the Canadian Arctic. At 12 sites that were intensively sampled we estimated the standing crop of plants and the densities of herbivores and predators with an array of trapping, visual surveys, and faecal-pellet transects. We developed a trophic-balance model using ECOPATH to integrate these observations and determine the fate of primary and secondary production in these tundra ecosystems, which spanned an 8-fold range of standing crop of plants. We estimated that about 13% of net primary production was consumed by herbivores, while over 70% of small-herbivore production was estimated to flow to predators. Only 9% of large-herbivore production was consumed by predators. Organization of Canadian Arctic ecosystems appears to be more top-down than bottom-up. Net primary production does not seem to be herbivore-limited at any site. This is the first attempt to integrate trophic dynamics over the entire Canadian Arctic.
Introduction
The arctic tundra, the area north of the treeline, occupies nearly 10% of the land area of the earth, and there is considerable interest in the response of this biota to global change.
To understand change in any of the biomes we must have an established baseline, and while a considerable amount of ecological research has been done in the polar regions of the arctic, there is as yet little synthesis. The Swedish Tundra Northwest Expedition to the Canadian Arctic in 1999 has provided us with an opportunity to begin a synthesis of polar plant and animal communities with a view to understanding the factors that drive the dynamics of these ecosystems. During the summer of 1999 the Swedish Tundra Northwest Expedition visited 17 sites 2 across a 3000 km long east-west transect from Baffin Island to the Yukon and a 2000 km long north-south transect from the Ungava Peninsula to Ellef Ringnes Island.
The purpose of this paper is to describe the trophic dynamics of the Canadian Arctic using the data collected from these sites (Fig. 1) . In particular we have estimated the standing crop of vegetation, herbivores, and carnivores from 12 of these sites, and the food-chain structure of these tundra communities. We attempt to estimate the productivity of each of these trophic components, and ultimately to test whether the organization of these tundra communities is predominantly top-down or more bottom-up (Power 1992) . We do not think we can fully answer this question with our descriptive data, but we suggest results that can be used to form a set of hypotheses for further investigations. Our results are relevant to the question raised by Cyr and Pace (1993) about the magnitude of herbivory in different ecosystems, and the questions about food webs raised by Chase (2000) , who reflects on the few data available to make direct comparisons among ecosystem types.
Methods
Various methods were used, but we standardized our data collecting in order to use the same methods at each site. We summarize these methods by trophic level and methods used.
Plant sampling

Estimation of the standing crop of vascular plant
Plant sampling was carried out on two scales. Within the intensive study area we estimated the standing crop of vegetation by estimating plant cover in two hundred 1-m 2 quadrats spread systematically along lemming sampling lines. Visual estimates of cover were made for the following plant groups: Dryas, Salix, Carex, Eriophorum, grasses, mosses, Saxifraga, and other herbs. These groups represent different categories of herbivore forage. We did not sample plant standing crop adequately at sites 1-5, so plant biomass was not available for these sites. We used these small-scale plots to estimate plant biomass on a larger scale of 1-2 km 2 , as discussed below.
At five different sites we estimated cover and clipped all vegetation (except mosses and lichens) and removed all dead material on a total of 42 quadrats of 0.25 m 2 to calibrate our cover estimates with standing crop biomass. For Salix we clipped leaves only. We did not clip Saxifraga or other herbs. Clipped samples were dried at 40°C for 48 h. We found that the cover estimates correlated well with biomass (Table 1 ). This agrees with Röttgermann et al. (2000) , who showed that the relationship between cover and biomass is good in low, open vegetation and that calibration of different growth forms is sufficient to obtain acceptable accuracy in estimation of species' biomass. Our regressions in Table 1 agree closely with those reported in Parker (1975) .
We report all our data on the spatial scale of the local areas that we covered intensively. These intensive-study areas covered 1-2 km 2 and were selected to be the relatively more productive parts of the local region. We did not try to extrapolate our data to a larger scale because we did not have all the parameters measured at larger scales. We mapped the vegetation types on the intensive-study area by means of digital aerial photographs obtained from helicopter transects. We classified vegetation types as described in Table 2 . Because we had extensive ground truthing within the intensivestudy area, we could recognize these communities and map them using the aerial photographs over areas of 1-2 km 2 (average 1.25 km 2 ). There was a high correlation between the proportions of vegetation types determined by aerialphotograph mapping and by the systematic ground surveys made along linear transects of lemming trap lines (n = 56, r = 0.86), so we have used the systematic ground sample as our measure of vegetation-type coverage at all sites.
We used the following equation to estimate the average standing crop of a particular forage group, x, in 0.25 m 2 of a local area:
Standing crop proportion of local area occupied by t 
and the summation is taken across all vegetation types (h). The critical regressions needed for standing-crop estimates are the regressions of biomass in 0.25 m 2 against percent cover. Table 1 gives these regressions for each forage group. For Saxifraga and other herbs we used the regression slope estimated for Dryas. For mosses we used the regression slope estimated by . We are unable to determine the error limits of these standing-crop estimates because we have no way of measuring the precision of the first two variables in eq. 1.
Phenological corrections
Estimates of standing crop depend on phenology, and because there was a considerable phenological change during the expedition a correction was needed. Sedges are well suited for such correction, as their leaves stay attached for some years after they wither and thus allow a comparison of the length of the longest leaf from the previous year with the longest leaf from the current year. For these measurements we always used the same developmental stage, "old vegeta-tive ramets", which are ramets that produced green leaves last year and did not flower this year.
At all sites except 15 we used one or more species of Carex and Eriophorum. The Carex species was either C. stans or belonged to the C. bigelowii species complex (Murray 1994) , and the Eriophorum species was E. angustifolium. The populations used in the study were on mesic to dry soil on either level terrain or gentle southfacing slopes. Within a 30 × 6 m 2 grid at each site at least ten 50 × 50 cm plots were sampled. Plots were positioned every third metre along the long side of the grid. Every plot was divided into four quadrats. In each quadrat the Carex and Eriophorum ramets closest to the center were chosen for leaf-length measurements and the plot means were calculated for each species. The vegetative phenology of a site is reflected by the average difference between the two leaf lengths. A correction factor, P h , for phenological differences in biomass between sites was calculated for each site in the following way:
where P h is the standardized phenology correction estimate, PL is the length of the longest leaf from the previous year, and CL is the length of the longest leaf from the current year. For these corrections we assume that growth during the previous year was identical with growth during the current season. By 7 August, when we reached site 11, the vegetative phenology for the season was complete and the standardized phenology index was 1.0. 
Plant productivity
A key problem is how we can obtain estimates of plant production in arctic areas from short site visits. We could not measure plant productivity directly, so we must rely on other production data for our sites. We have used literature data on net primary production and production per unit biomass (P/B ratio) in Bliss (1977) , , , Komárková and Webber (1980) , Muc (1977) , Shaver and Chapin (1991) , Svoboda (1977) , Vitt and Pakarinen (1977) , Webber (1978) , Wein and Bliss (1974) , and Wielgolaski et al. (1981) to convert our standing-crop estimates to primary-production estimates. To estimate ratios of net primary production to live phytomass (P/B), along with 95% confidence limits, for three of the plant growth forms, herbs, woody plants, and graminoids, we used data from all these literature sources, while for mosses the P/B ratio was estimated using total phytomass. Herbs, woody plants, graminoids, and mosses are the growth forms that make up the forage groups listed in Table 3 . We were not able to gather enough published data to investigate whether the P/B ratios varied among the vegetation zones of the Low and High Arctic or among vegetation types for the same forage group. Given the standing-crop estimates shown in Table 3, we applied the phenological correction indices given in Table 4 and the P/B ratios listed in Table 5 to compute the estimated total net annual primary production for each site.
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Net primary production
where the standing crop is estimated from eq. 1, the P/B ratio is from Table 5 (production biomass ratios), P h is from eq. 2 (phenological correction factor), and the summation is taken over all the forage groups shown in Table 3 .
Lemming sampling
At each site we used three different methods to estimate lemming abundance: systematically placed snap traps, selectively placed snap traps, and counts of winter nests. First, we laid out 10 snap-trap lines of 20 stations each, with three traps per station and 15-m spacing between stations. The snap traps were baited with peanut butter and raisins. Where possible we laid the lines out in parallel, 100 m apart, but in most areas suitable lemming habitat was so patchy that we used single lines. In general, trap lines were spread over 1-2 km 2 . We ran these traps for 24-48 h, depending on the time available at each site.
To increase the sample size for demographic analyses, additional (20-40) snap traps were placed in patches with potential lemming activity. We have also included snap traps set for genetic analyses in places with indications of lemming activity (Fedorov et al. 1999) . This resulted in an average of 164 extra trap-nights at each site (range = 48-331, SD = 63). These traps were always set out at least 100 m from the trap lines to avoid interference with density estimates.
We also used lemming winter nests to provide an index of lemming densities over the previous winter, 1998-1999. We censused winter nests by line-transect techniques (Buckland et al. 1993) , estimating perpendicular distances to nests from the transect line. We averaged 28 km of transects at each site (range = 4-58 km) and found, on average, 19 winter nests per site (range = 1-48). Winter nest densities were converted to spring lemming density by the following regression: density (number/ha) = 0.0711(nests/ha) + 0.3046(nests/ha) 2 (C.J. Krebs, unpublished data).
Faecal-pellet counts
We estimated biomass of herbivores from densities of faecal pellets, persistence time of pellets, defecation rate, and body mass of each species. Pellet transects were performed at each site on all lemming snap-trap lines. Extra transects were done in special habitats if the trap lines were not representative of the study site. The total length of pellet transects performed per site averaged 4.7 km (SD = 2.9 km) for muskoxen, 5.2 km (SD = 2.9 km) for caribou, 4.7 km (SD = 2.6 km) for hares, 4.7 km (SD = 2.4 km) for ptarmigan, and 4.2 km (SD = 2.7 km) for geese. Pellet groups from muskoxen and caribou were counted, whereas individual faecal pellets of hares, ptarmigans, and geese were the units measured. The perpendicular distance from the line to the Note: The correction factor was used to adjust the observed standing crops in Table 3 to full-season growth. Note: All production estimates are given as kilograms dry mass per hectare per year, corrected for growth phenology. Table 5 . Annual net primary production and production/biomass (P/B) ratios for each forage group.
point of initial sighting of each pellet or pellet group was recorded to the nearest decimetre. We estimated pellet density for each species using the program DISTANCE 3.5 (Thomas et al. 1998 ). Calculations were made using the defaults of the program, except that we discarded the largest 10% of distances and assumed that the observations followed a Poisson distribution (Buckland et al. 1993) . Based on the admittedly arbitrary estimates of persistence times of pellets from Klein and Bay (1994) , we assumed that pellets persisted for 1 year in the wetlands, 2 years in the mesic meadows/ tundras, 5 years in the heaths, and 10 years in the fellfields and polar deserts. We assumed that defecation rates were 12 pellet groups per day per individual for muskoxen (Neff 1968) , 25 pellet groups per day per individual for caribou (based on unpublished data from A. Skarin), 208 pellets per day per individual for hares (based on data for mountain hares, Lepus timidus, reported by Flux 1970), 120 droppings per day per individual for ptarmigan (Höglund 1980) , and 73 droppings per day per individual for geese (based on data for barnacle geese, Branta leucopsis, reported by Van der Wal and Loonen 1998). We assumed body mass to be 234 kg for muskoxen (Tener 1965) , 118 kg for caribou (Banfield 1974 ), 4.6 kg for hares (Banfield 1974) , 0.42 kg for ptarmigan (Dunning 1993), and 1.37 kg for geese (Dunning 1993).
We were unable to make any estimate of invertebrate biomass in these tundra plots. Our results are only for the endotherms in the tundra community.
Predator sampling
We censused predatory mammals and birds at each site visually. The study was made throughout the breeding period of all species. We surveyed by walking an area of 8-90 km 2 at each of the sites, the exact area surveyed depending mainly on weather and visibility. We used binoculars to spot mammals, birds, and nests or dens. For all mammal and bird species except passerines and waders, we counted all individuals, and for the predator species we also investigated breeding attempts, counted young, and noted nest or den positions. Fox dens were studied in detail. For avian lemming predators, records were taken on number of birds, number of pairs of mated birds, and number of nests. Birds that displayed territorial or breeding behaviour were classified as mated birds.
We collected prey remains, bird pellets, and fox scats for diet analyses. In total, we surveyed 758 km 2 by walking. Furthermore, we carried out aerial counts of birds and large mammals on helicopter transects. These transects were 40-118 km long and were performed at 15 sites.
We collected arctic fox scats at eight sites. Fresh scats were separated from older scats by appearance. Older scats are dry and weathered or overgrown by recent vegetation. Fresh and old scats contained similar proportions of migrating birds, indicating that the scats were from summers only, making age separation easier. We ignored scats that were 2 years or older, as determined by extensive weathering, i.e., generally white, brittle, and overgrown with vegetation from previous seasons. Collections were made on dens and while performing predator surveys. Fresh scats were mostly collected on breeding dens. All collections were made between 1 and 29 July. In total, 133 fresh and 375 old scats were analysed. The maximum number of scats collected from each den or defecation site was 20 for fresh scats and 10 for old scats.
Scats were dried at 110°C and prey remains were identified using reference material. We fragmented individual scats by hand under a magnifying glass and estimated the proportions of fur, feathers, eggshells, insects, and vegetation by volume in the compacted dry scat. Frequency of occurrence is a common way to present results of diet analyses, but it does not take into account the proportions of different prey categories. Therefore, we converted the data into "whole-scat equivalents" (WSEs), as described by Angerbjörn et al. (1999) . If scats were small or fragmented, we combined them so that the analysed volume in each sample was approximately that of one medium-sized scat. Thus, we could determine how many whole scats each category corresponded to. For instance, if we had one scat containing 30% bird (feathers) and 70% lemming (fur) and another scat containing 70% bird and 30% lemming, these were regarded as equivalent to one scat containing only lemming and one scat with only bird. The total number of scats, i.e., sample size, thus remained the same. As there are no conversion factors for the arctic fox diet, we had to assume that the proportion of remains of a prey species in the scats is a fair representation of its proportion in the diet.
The number of teeth from different rodent species in red fox scats is proportional to the ingested proportions of the species (Lockie 1959) . We assumed this to be true also for arctic foxes, and when we found teeth from more than one rodent species in a scat, we used the number of teeth from each species to determine their relative proportions. When there were no teeth, the fur was classified as unidentified rodent (7% WSE in fresh scats, 25% WSE in old scats). For each site, that class of remains was divided into Lemmus and Dicrostonyx classes in the same proportions as the remains identified to species. We determined bird remains to order, using the keys of Brom (1986) and Day (1996) . No attempt was made to further classify eggshells, insects, or plant material and we did not include microscopic fragments in the analysis. We found no identifiable remains of voles or arctic ground squirrels in the arctic fox scats. Sample sizes for fresh scats were adequate at only three sites. In the case of old scats, 25-50 were analysed from each site.
Ermine presence was noted from ermine winter nests. Estimates of ermine density are very difficult to obtain, and we used those given in Oksanen et al. (1999) for their highland site, which is most similar to our tundra-vegetation sites.
Wolf sign was noted at three sites, but since wolves range widely relative to our study areas, we have used wolf densities reported in the literature for the Canadian Arctic (Van Zyll de Jong and Carbyn 1999). Because there are few detailed data from different regions of the Arctic, we have used a uniform density of 0.001 wolves/km 2 for all sites except Banks Island, where the density is 0.003/km 2 (N. Larter, personal communication). Figure 2 shows the food web in the tundra areas sampled in this study. Not all species were present at all sites (Table 6). We do not have data on passerine birds, insects, fungi, or wide-ranging predators like the wolverine and griz-zly bear. Some species, like the arctic ground squirrel and tundra vole, are present only at the mainland sites and absent in the Arctic islands. We will now try to analyse the terrestrial arctic food web to determine the patterns of flow in productivity that occur within these arctic sites.
Results
Plant dynamics
Standing-crop estimates
The standing-crop estimates for the sites visited are given in Table 3 . Two main patterns are evident. Standing crop varied 8-fold over the 12 sites analysed, and in particular species-groups the range is even greater. The largest standing biomass of vascular plants was found in the western Arctic sites and the largest standing crop of mosses occurred at the High Arctic sites Melville Island and Ellef Ringnes Island.
Two qualifications must be made concerning these estimates of standing crop. We have not attempted to estimate lichen biomass, which can be significant at some of the sites. Second, we think that the biomass at site 10 in north Yukon is underestimated because the vegetation at this site was not low and open (Chiarucci et al. 1999 ). We were not able to clip quadrats at site 10. Although we estimated average plant height for sedges and grasses at the five sites where we clipped quadrats, height never was a significant variable in our regressions to estimate standing crop at these sites dominated by low growth. Sedges were particularly luxuriant at site 10, and at this site and others in the Low Arctic we suspect that height and cover might both be important predictive variables for estimating standing crop.
Plant productivity
Net primary production of vascular plants ranged 9-fold across these sites, while moss production varied 7-fold (Table 5 ). Figure 3 shows that estimated net primary productivity of vascular plants fell dramatically with latitude. In our data there was a high correlation (Fig. 4) between standing crop of vascular plants and net primary productivity of vascular plants, which resulted from a limited range of P/B ratios for arctic plants (Table 5) .
Herbivore dynamics
Lemming and vole populations
We estimated over-winter density of lemmings from winter nest censuses at all sites except two (at which tussock tundra made it impossible to census winter nests) and estimated summer densities by snap trapping. Table 7 shows that with a few exceptions, lemming and vole populations were at low density in the summer of 1999. Two sites (8 and 10) had very high populations of Microtus oeconomus, with a relatively moderate number of lemmings. These two sites contained the highest standing crop of small rodents, around 1.2 kg/ha.
Other herbivores
We used faecal-pellet densities to measure the presence of particular habitats and their usage by muskoxen, caribou, arctic hare, geese, and ptarmigan for each site. Pellet counts for larger herbivores average out population-density shifts and provide us with an average density of use. Table 7 gives density estimates for all the herbivores. We have no independent check of the validity of these estimates. Caribou and Table 6 ). We do not have data for the shaded compartments. Items that compose less than 5% of the diet are not connected. muskox densities have been estimated for some of the Arctic islands by Ferguson and Gauthier (1992) , but these estimates apply to whole islands. Our study areas were selected to be of above-average productivity and it would not be valid to extrapolate our density estimates to the whole region. Our estimates of caribou and muskox densities are 13 and 18 times, respectively, those given for the whole islands by Ferguson and Gauthier (1992). There is a positive correlation between our caribou and muskox estimates for specific sites and those of Ferguson and Gauthier (1992) for whole-island populations, which is consistent with our belief that our estimates for caribou and muskoxen are valid for the local areas we studied.
Estimating herbivore offtake
To build a model of the trophic dynamics of the tundra we 
Note: Data from site 5 were incomplete and are not included here. need to be able to estimate the offtake of vegetation by the herbivores. Since we have not measured this directly, we must use literature values to approximate the mass of primary production consumed (see Table 8 ). We used the field metabolic rate estimates of Nagy (1987) to estimate the energy requirements of all herbivores. We used diet estimates from Batzli and Pitelka (1983) and Bergman (1991) for lemmings and voles and those from Klein and Bay (1991) for the arctic hare. For rock ptarmigan diets we used data compiled by Holder and Montgomerie (1993) . For caribou and muskoxen we used an average diet from Parker (1978) . We assume that geese eat only grasses and sedges (Hik et al. 1992) . We utilize these estimates of herbivore offtake in the ECOPATH model we develop later.
Estimating herbivore production
To build a model of the trophic dynamics of the tundra we also need to be able to estimate net annual secondary production by the herbivores. We have no direct data on annual production rates of herbivores and we estimated minimum and maximum P/B ratios for herbivores from literature data. Minimum P/B ratios can be estimated from the maximum finite rate of population growth per year observed for a particular species (in the absence of immigration). Maximum P/B ratios can be estimated from litter or clutch sizes (corrected for sex ratio), since in annual breeders there could be no higher rate of production. In our analysis we have used maximum P/B ratios to build the ECOPATH model, and these ratios are given in Table 7 . Clearly, lemming populations in the Arctic are highly variable, and we have only a single snapshot of densities at each site. We address this problem in the Discussion.
Predator dynamics
Problems of estimating the density of wide-ranging predators
Predators vary dramatically in abundance from year to year in arctic communities as a result of local movements. In our walking and aerial surveys we attempted to obtain an average local density of predators as an instantaneous sample that we could relate to prey numbers. Since predators may not respond instantaneously to changes in prey numbers, there is always the possibility that we have data on transient dynamics rather than on a near-equilibrium situation. The limited data that we have on lemming abundance across the Arctic suggest that lemming populations were declining or low for the year preceding the Swedish Tundra Northwest Expedition of 1999, so we suggest that our estimates of predator abundance are characteristic of the low phase of the lemming cycle rather than an extensive peak. Table 9 summarizes our estimates of the abundance of avian and mammalian predators. In total, only 13 breeding dens of arctic foxes were found during our foot surveys, which covered 758 km 2 . We also observed 12 adult arctic foxes and 5 red foxes, but no red fox breeding attempts. The presence of wolves was noted from tracks and faeces at two sites and the presence of weasels from a few winter nests at six sites. Numbers of avian lemming predators were low at most sites, in association with the general low numbers of rodents. Sites 8 and 10, which had high tundra vole populations, did not have exceptionally high numbers of predators. Long-tailed jaegers that were probable breeders were found at eight sites and parasitic jaegers at six sites. Peregrine Lemmings Note: Densities of lemmings and voles are given as the number of individuals per square kilometre. All others estimated from faecalpellet transects as described in the text. Production/biomass (P/B) ratios are estimated from litter and clutch sizes.
Abundance of avian and mammalian predators
*Winter nests could not be counted because they were hidden in tussock tundra. falcons were seen at most sites, while gyrfalcons were rare. The aerial surveys gave the same picture as the walking surveys but over larger areas. They also showed that lemming trapping and walking surveys were generally carried out in the most productive habitat at each site. We estimated the composition of the diets of arctic and red foxes from our studies. In arctic fox scats we identified brown lemmings, collared lemmings, arctic hares, ducks and geese, ptarmigan, waders, passerines, insects, and plant material. Only 1 scat out of 508 contained fish bones. Neither arctic ground squirrel nor vole (Microtus spp., Clethrionomys spp.) remains were found in arctic fox scats, but no fox scats were found at site 8 or 10, where these species might have been taken by foxes. Less than 2% of fox scats contained material of marine origin, confirming that for these predators the food chain was largely terrestrial.
We estimated diets of other predators from the literature. We used Reid et al. (1997) for diets of gulls, and assumed that diet composition for ravens was the same as for gulls. For rough-legged hawks and snowy owls we used the diet data of Wiklund et al. (1998) and Reid et al. (1997) . For jaegers we used the diet data in Maher (1974) . For gyrfalcons we used the diet data in Poole and Boag (1988) . For peregrine falcons we assumed a diet of 80% small birds, 5% lemmings, and 15% geese. For ermine we could find no diet data for arctic sites and we assumed a diet of 70% lemmings and voles, 10% birds, and 20% carrion. Diet data used in the ECOPATH model that follows are summarized in Table 8 . Note that we used the same diets for each site, a problem we return to in the discussion.
Synthesis and modeling
Food webs
The summer food web on the tundra is relatively simple but varies from site to site (Fig. 2, Table 6 ). Among the birds and mammals are 17 species of predators (including omnivores) and 10 species of herbivores. Many of the birds and some of the mammals are seasonal migrants, so the food web changes dramatically from summer to winter. We can detect no relationship between standing crop of vascular plants and species richness of herbivores (r = -0.16, n = 12), but there is a positive relationship between standing crop of vascular plants and species richness of predators (r = 0.73). Figure 5 illustrates this trend, showing more predator species in the richer, Low-Arctic sites in the western Arctic. Since net primary productivity is related to standing crop for arctic sites, predator species richness is also correlated with net primary production of vascular plants (r = 0.75, n = 12).
What becomes of terrestrial production in the Canadian Arctic?
We can summarize our results in an ECOPATH model (Christensen and Pauly 1992; Pauly et al. 2000 , http:// www.ecopath.org/). The ECOPATH model is a relatively simple approach to analysing ecosystem trophic mass balance using the basic equation of Polovina (1984) : 
where B is biomass, P is production, EE is ecotrophic efficiency, I is immigration, Q is consumption, d is diet composition, E is emigration, and the subscripts r and c refer to parameters of the resource (species or species-group) and each consumer (species or species-group), respectively. The basic mass-balance equation equates production and consumption of each taxon, and for our data can be applied to a time period when standing biomass is assumed to be invariant. In this case immigration and emigration rates are 0 and there is no change in biomass (∆B), so the basic equation simplifies to 
In our use of this model, I, E, and ∆B are assumed to be 0, while B, P/B, Q/B, and diet composition are entered into the model for each taxon and EE is calculated via matrixinversion algorithms. The only parameter in this equation that is difficult to comprehend is EE, which is defined as that part of production which is consumed by the next trophic level. For each species-group of plants, EE is that fraction of production which is consumed by herbivores. For each herbivore, EE is that fraction of herbivore production which is consumed by predators. We used the ECOPATH model to answer three questions: (1) What fraction of net primary production is consumed by herbivores in arctic ecosystems? (2) What fraction of herbivore production is consumed by predators in these communities? (3) Does the answer to either of these questions depend on the phytomass or productivity of the plant community as we move from Low-Arctic sites to High-Arctic sites? Table 10 gives EE estimates for each species-group of plants and herbivores at each site. The first point to note is that EEs should never be above 1 in an equilibrial system, since this implies that more is being eaten than is being produced. Four conclusions are supported by these data. First, EEs of plants are uniformly low, and, on average, about 13% of plant production flows into the herbivore trophic level (Fig. 6) at the low densities of small mammals that characterized most of our sites. There are three cases in which plant groups at a particular site have excessive EEs. Second, EEs of small herbivores are uniformly high. One-third of the EEs of small herbivores exceed 3, an impossible situation if the system is assumed to be in equilibrium. To analyse these EEs, we decided to truncate all values above 1 to the theoretical maximum of 1.0, assuming that our diet or abundance estimates are incorrect for the particular site. If we do this for small herbivores, the EEs of small herbivores average 70%.
3 Of the small herbivores, lemmings have the lowest average EE, 29%. Third, the EEs of large herbivores (caribou, muskox) are low, averaging 9%. Since wolves are the major predator of caribou and muskoxen, this implies that predation at the present time removes only a small portion of the net production of these large mammals. Fourth, there is no pattern in these efficiencies with respect to Low-Arctic or High-Arctic sites. There is no correlation of EEs with standing crop of vegetation either with all plant groups considered individually (r = 0.04, n = 68) or with the average EE for all plant groups at each site (r = 0.10, n = 12). Similarly, there is no correlation of EEs with net primary production (r = 0.07, n = 68, and r = 0.14, n = 12) (Fig. 7) .
Discussion
In this study we have attempted to achieve a broad-brush summary of the trophic dynamics of the terrestrial tundra areas of northern Canada. There are severe limitations to our data, since we could spend very little time at each site, and we have substituted information on the large spatial variance among sites for intensive work at one site. There has been no earlier attempt to bring together data on trophic dynamics on this scale. Our analysis depends heavily on published assessments of the relationship between standing crop of vegetation and net primary productivity. We have only limited data with which to compare estimates of herbivore and predator abundance at our sites, but by the use of faecal-pellet surveys we hope we have achieved an average estimate of population density for the rarer species.
Our analysis suffers from two problems. First, we cannot place confidence limits on our EE estimates for each site. We do have replication among the sites and among the forage groups and herbivores, and this allows us to estimate confidence limits for EEs among sites (Fig. 6) . Our estimates of plant biomass and herbivore density were obtained using methods that permit us to estimate the confidence limits of individual estimates. Predator densities from ground surveys are point estimates without confidence limits, and we see no simple way of generating confidence limits on predator numbers without making unwarranted assumptions about detectability. We can defend our inability to specify probable errors in our estimates of EEs at each site by suggesting that they can be obtained only by a replicated study at these sites in the future.
Another major constraint on our data, assuming that our estimates are reasonably accurate, is that we have a snapshot in time of an ecosystem that varies dramatically from year to year, largely as a reflection of the rise and fall of the lemming cycle but also because of changing numbers of muskoxen and caribou. Our data are probably typical of a relatively low year in lemming numbers, and if we had our choice, we would repeat these studies in a year when many lemming populations were near peak numbers. Predator numbers in general were low at all sites. At a typical arctic site, avian predators come through in early spring to assess prey abundance, then depart quickly if rodent numbers are low. Our sites were assessed in mid to late summer so that we avoided this pulse of predator numbers. Again this problem can be addressed only by future replicated studies at these sites.
Because of logistics, all of the sites we visited were within 10 km of the coast. We do not know if this coastal bias affects our conclusions. There is only a slight overlap between marine and terrestrial food webs in the Arctic, and our data on fox diets indicate that we were sampling the terrestrial system with little input from marine food webs. It is unlikely that we can ever randomly sample the terrestrial 
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Note: EEs above 1 are theoretically impossible and usually mean that the diet or abundance estimates are incorrect. The averages shown in the last line assume that all EEs >1 are set to 1.0. Vegetation standing crop was not estimated for sites 1-4, so plant EEs could not be computed for these sites. ecosystems of the Arctic, and future studies will have to test whether our conclusions are only applicable to coastal sites. Our estimated EEs are robust to two potential problems. At sites where herbivores have eaten a substantial amount of the standing crop of plants, we will underestimate net primary production because our cover estimates will be biased low. This will inflate our estimated EEs for plants, but a correction would only lower our already very low estimates. The only evidence we have that a correction is not required is that we recorded only 3.3% of ramets of Carex and Eriophorum with grazing marks on them, which suggests a relatively low grazing pressure at our sites. Second, if grazed forage has the potential to compensate for the biomass lost to grazers (Bråthen and Odasz-Albrigtsen 2000) , our estimated net primary production will be biased low, thereby again inflating EEs for plants. In both these cases our conclusions about low EEs for plants are robust to potential causes of error.
We have summarized our results in an ECOPATH model of trophic dynamics. ECOPATH has been widely used in fisheries research, but there are almost no applications of this model to terrestrial ecosystems (Ruesink et al. 2002) . We have reached two tentative conclusions from our modeling of trophic flows at these arctic sites. The terrestrial ecosystem of the Canadian Arctic seems to be largely a topdown system for the small and mid-sized herbivores. Predators in general consume all of the production of the smallherbivore community, while herbivores in general consume only a small fraction of the plant production. The exceptions to these generalizations are the EEs muskoxen and caribou, which are low. Relatively little of the net production of muskoxen and caribou in the Canadian Arctic at the present time seems to flow into the predators. There is a longstanding controversy in wildlife management about whether these large mammals are harvest-limited, weather-limited, food-limited, or predator-limited (Van Ballenberghe 1985; Bergerud and Elliott 1986; Bergerud and Ballard 1988; Messier 1995; Caughley and Gunn 1993; Ballard et al. 1997; Gunn et al. 2000) . Our results are inconsistent with both the food-limitation hypothesis and the predator-limitation hypothesis, since plant offtake by herbivores was low and herbivore offtake by predators was also low. We agree with Gunn et al. (2000) that both weather factors and human harvest are critical for these large mammals in the Canadian Arctic.
We developed our best estimates of the parameters in the ECOPATH model, and did not then tinker with the results. EEs should never be above 1.0 in an equilibrial system, and it is critical to look into why we obtained many above 1.0, particularly for the herbivores. Four factors in our data could cause EEs to be above 1.0. First, the diet data may be in error. Diets have been generalized across the whole Canadian Arctic for most predators. We used slightly different diets for wolves, gulls, ravens, and jaegers for the Low-Arctic and High-Arctic sites, but diets were not site-specific. This means that when we observed a low density of, for example, ptarmigan at a particular site, we kept the diets of gyrfalcons and rough-legged hawks at that site the same, producing a high EE for ptarmigan at that site. A similar bias will result if the composition of a predator's diet is a result of scavenging. Second, if the densities of herbivores are underestimated or the densities of predators overestimated, the resulting EEs Fig. 7 . Relationship of ecotrophic efficiency (EE) of plants and net primary productivity of vascular plants at sites 6-17 of the Swedish Tundra Northwest Expedition of 1999. The EE of plants is the estimated fraction of net plant production that is consumed by herbivores, and shows no relationship to net primary production. The arrow indicates the mean EE, 13%.
for the herbivores will be too high. Third, if average body masses for the species are incorrect, the same problem will arise. And finally, if the P/B ratios are too low for herbivores, the EEs will be too high.
We cannot evaluate the exact contribution of each of these four factors to the unrealistic EE values in our study. Average body masses are most likely reasonably reliable, so we do not think that the third factor is a key one. We have deliberately tried to use P/B ratios for herbivores estimated from clutch or litter sizes, so they should be close to maximum values, and thus we do not think that low P/B ratios for herbivores are the main reason for the excessive EEs for herbivores. Densities of herbivores and predators have a significant margin of error, but unless they are off by an order of magnitude they are probably not the main source of error. We thus zero in on diets as the main reason why EEs are overestimated. We suggest that site-specific diet data would reduce the high EEs in Table 10 , and this hypothesis needs to be tested by further research. If so, it is probable that the high EEs in our analysis indicate true EEs to be approximately 1.0.
Lemming EEs averaged 29% in our data for populations that were low to slightly increasing. If we hypothetically increase the P/B ratio for lemmings from 13.3 to 98, as would occur in a rapidly increasing population , the EEs fall to about 5%, which suggests no limitation by predation in this phase of the cycle. If we reduce the P/B ratio for lemmings to a low value (2.1) that would occur in a cyclic decline, the EEs for lemmings increase to over 62%, indicating a strong possibility of predator impacts during the decline phase (Korpimäki and Norrdahl 1998; Wilson et al. 1999) . If lemming predators increase with a time lag, predator numbers after a lemming peak will not be in an equilibrium and their impact could be significantly higher than we have observed, which would further increase the EE value during the decline phase of the cycle. A similar scenario was modeled with data from cyclic snowshoe hare populations by Ruesink et al. (2002) .
Our results are broad-brush ones. The tundra community may appear to be a top-down system for small herbivores because the available food plants are of poor quality (White 1993) . This hypothesis needs more research, although we note that it has been tested and rejected for lemmings by Batzli et al. (1980) . Alternatively, severe weather might limit herbivore numbers, so that again the system would appear to be top-down because herbivores are well below their carrying capacity (Caughley and Gunn 1993) . Caribou numbers in tundra areas can fluctuate dramatically over long time scales (Morneau and Payette 2000) , further suggesting the non-equilibrium nature of tundra communities.
In conclusion, we recognize that our analysis of the trophic dynamics of the Canadian Arctic is coarse and timespecific, but we believe that it is a start to looking at the whole terrestrial system of the Arctic. Community ecology has been hindered by the lack of an arithmetic for community interactions, and ECOPATH is an important attempt to provide a quantitative framework for trophic interactions. It is an assumption of our analysis that high EEs indicate topdown control in ecosystems. Many assumptions that we had to make need to be tested by further work in the north. We also recognize that there are linkages between marine and terrestrial ecosystems in the Arctic, but we are not in a position to evaluate the relative contributions of marine production and terrestrial dynamics.
In the face of global environmental changes, ecological monitoring of sensitive areas is essential. We need to establish baselines for northern Canada in order to evaluate future ecological changes in this region. It is important not only that we obtain data that elucidate ecological details of individual species but also that we acquire a more holistic understanding of how these ecosystems operate. Although much remains to be done to resolve these broad issues, we hope that this study adds some understanding of the trophic dynamics of arctic regions.
